Introduction
Dietary fat intake is mainly provided in the form of 95-97% of triglycerides (TG) [1, 2] and 3-5% of polar lipids/phospholipids (PL), [3] including glycerophospholipids and sphingolipids. PL are important for their role in food texture and emulsion stability. There is a growing interest for the specific nutritional properties of PL, which could lead to novel functional ingredients. The dietary intake of PL (vegetal and animal sources) represents 2-8 g of intake per day while sphingolipids represent around 0.3 to 0.4 g per day. [4, 5] Sphingolipids can be categorized as "functional ingredients" because they have structural regulatory functions. Among sphingolipids, sphingomyelin (SM) is involved in the structure of cell membranes, and is present in animal food products such as eggs but in greater amounts in the milk and dairy products. Mammalian milk fat is indeed structured as milk fat globules characterized by a TG core (98% of total lipids) surrounded by the milk fat globule membrane (MFGM), a natural biological membrane whose lipids are thus mainly PL with a unique SM content (25% of MFGM-PL). In rodents, dietary milk polar lipids (MPL) have been shown to reduce the lipid accumulation in the liver, [6] intestinal cholesterol absorption, [7] modulate the postprandial lipid metabolism [8] and are protective against colon carcinogenesis.
[ [9] [10] [11] It has otherwise been shown in rodents that dietary lipids can impact intestinal barrier and inflammation. Intestinal permeability and barrier function are essentially regulated by a physical (including intestinal epithelial cells and tight junction proteins), a biological (gut microbiota), a chemical (mucus producing cells), and an immunological barrier. Long-chain fatty acid (FA) [12] or a high-fat (HF) diet [13, 14] have been shown to impair the tight junction protein expression. Furthermore, it was shown that obesity [15] and metabolic diseases [16] are linked to increased intestinal permeability and translocation of bacteria or bacterial products like endotoxins (LPS) from the intestine to the other tissues. [17, 18] Indeed, endotoxins present in the intestinal tract can be found in the circulation after a paracellular passage or co-absorption with dietary lipids. [14, 19] Norris et al. have shown that mice fed with a HF diet with milk-SM had lower endotoxemia compared to control HF diet. [20, 21] In this context, we must highlight that the intestine is permanently colonized by a rich community of microorganisms, the intestinal microbiota, and in the absence of hypoxia or chemically or heat-induced stressors, a "healthy" microbiota is one component of a proper intestinal barrier.
The aim of our study was to test in mice the hypothesis that incorporation of MPL in a HF diet could impact microbiota profile and gut barrier functions. To advance the state of the art, we tested increasing doses of MPL: i) 1.1% (i.e., 0.25% SM as previously reported in the literature) and ii) 1.6% (i.e., 0.38% SM) with an aim to perform a benefit/risk assessment of using a higher albeit still realistic dose. Those changes will be interpreted in regard to the metabolic effects on adiposity, gut barrier markers,
Experimental Section

MPL Ingredient and Diet Composition
The butterserum concentrate was provided by Corman (Limbourg, Belgium) and the MPL-rich lipid ingredient was obtained therefrom using Folch extraction at ITERG (Fats, Oils and Crops Interbranch Technical Institute, Pessac, France). MPL-rich ingredient contained 63.2 ±0.7% of PL (whose 23.1 ±0.5% of SM, mean ± SD of duplicate analysis), the balance consisting of TG. It also contained cholesterol due to the natural composition of MFGM lipids. Palm oil was from Alva Food (Rezé, France) and anhydrous milk fat was from Sodiaal-Candia (Paris, France). All the diets were prepared by SAFE (Augy, France). The lipid sources listed in Table 1 were carefully mixed and then incorporated into other components during the manufacturing of the A04 diet at SAFE facility. MPL-rich ingredient was added into HF diet (21% of palm oil in chow) at 1.9% or 3.8%. The specific strategy was to add MPL in the diet and maintain other lipids constant (notably palm oil), thereby increasing total lipids in the diet, rather than attempting to keep total lipids constant. Indeed, it was thought that decreasing palm oil content in the diet could bias the results. Anhydrous milk fat was added in the HF and HF-MPL1 for equal milk TG content among diets. This way, the three high-fat groups differed only by the amount of MPL. The final composition of the diets and of MPL-rich ingredient are shown in Table 1 ; HF-MPL1 diet contained 1.1% of MPL and HF-MPL2 contained 1.6% of MPL. We also analyzed the FA composition (Table S1 , Supporting Information) and the SM profile (Table S2 , Supporting Information). The SM profile was analyzed by ESI-MS/MS. Briefly, extraction from 50 mg of diet pellets and analyses were realized as previously described. [22] 
Animals and Dosage Information/Dosage Regimen
Male C57Bl/6 mice (8-week-old at the beginning of the experiment; Janvier Laboratories, France) were housed in groups of five per cage in a controlled environment (24 ± 1°C, 12 h daylight cycle, free access to food and water). After 2 weeks of acclimatization with a chow diet, they were randomly divided into three groups of 15 mice and were then fed experimental diets for 8 weeks in which different lipids were mixed within chow (Table 1): the control group (HF) fed an HF diet devoid of MPL (21% palm oil +1.4% of anhydrous milk fat), the HF-MPL1 group (21% palm oil +0.7% of anhydrous milk fat +1.9% of MPL-rich ingredient), and the group HF-MPL2 (21% palm oil +3.8% of MPL-rich ingredient). This way, all high-fat diets contained the same amount of milk TG (1.4%) but differed by the amount of MPL (0%, 1.1%, or 1.6% as specifically analyzed). Of note, 1.1% of MPL is equivalent to 25 mg SM kg -1 of body weight in a human [20, 23] using the Human Equivalent Dose calculation of the FDA. [24] An additional group was fed a chow diet (low-fat, LF) to be used as a reference group. Body weight and food intake were www.advancedsciencenews.com www.mnf-journal.com recorded twice per week. After 8 weeks of dietary treatment and a night period of fasting, mice were anesthetized with isoflurane before exsanguination and tissue sampling. After laparotomy, blood was collected by cardiac puncture with heparinized syringes. Duodenum, jejunum, colon, caecum, liver, and adipose tissue (epididymal and subcutaneous) were harvested, immediately frozen in liquid nitrogen and stored at -80°C. Other samples of intestine and liver were collected for immunohistochemistry. All procedures were approved by the local ethical committee for animal experimentation of Lyon 1 University CEEA-55 (CNREEA 2012) (project #DR2017-14-v2, evaluation #2017021414372273 v3).
Plasma Biochemistry
Plasma was collected by centrifugation (2000 × g, 5 min, 4°C). Endotoxemia was determined using the limule amoebocyte lysate assay (Associates of Cape Cod, MA, USA) as previously described. [25] Concentration of the lipopolysaccharide-binding protein (LBP) was detected via ELISA kit (Hycult Biotech Inc., Plymouth Meeting, PA, USA) and detection of soluble cluster of differentiation 14 (sCD14) was done using ELISA kits from R&D Systems (Minneapolis, MN, USA). Plasma concentration of IL-6, tumor necrosis factor α (TNF-α), IL-1β, IL-10, monocyte chemoattractant protein 1 (MCP-1), chemokine ligand CXCL1 (KC) (limit of detection: 6 pg mL -1 ) and CXCL2 (MIP-2) (limit of detection: 160 pg mL -1 ) were determined using a multiplex immunoassay kit (Milliplex MAP Mouse Cytokine, Mcytomag-70K, Merck Millipore, Fontenay sous Bois, France) and measured using a Bio-plex 200 systems (Biorad, CA, USA).
Gut Permeability Analysis
Intestinal permeability was examined using a low-molecular weight (4-kDa) FITC-dextran (Sigma-Aldrich, Saint-Quentin Fallavier, France). After 8 weeks of diet, mice were fasted overnight and FITC-dextran was administered by oral gavage (0.6 mg g -1 body weight; 125 µg µL -1 solution). After 4 h, plasma was collected by centrifugation and kept in dark. FITC levels were determined using a fluorescence spectrophotometer (SAFAS Xenius XL, SAFAS Monaco, France) at excitation 485 nm and emission 533 nm.
Tissue RNA Extraction and Quantitative Reverse Transcriptase-PCR
Total RNA was extracted from whole intestine segments, liver, and epididymal/subcutaneous adipose tissue (EAT/SAT) with TRI Reageant (Sigma, Saint-Quentin-Fallavier, France). RNA concentration was measured with Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and samples with A260/280 ration between 1.7 and 2.1 were considered of good purity. Reverse transcription (RT) was performed using PrimeScript RT reagent kit (Ozyme, Saint Quentin en Yvelines, France) with 1 µg of RNA. RT-qPCR (quantitative PCR) assays were performed using a Rotor-Gene Q (Qiagen, Hilden, Germant) and SYBR qPCR Premix Ex Taq (Tli RNaseH Plus) reagents. The list of the PCR primers used is shown in Table S3 , Supporting Information. Tata-box-binding protein (TBP) expression was used as internal standard (IS) for normalization of target mRNA expression.
Analysis of the Fatty Acids from Triglycerides and Phospholipids in the Liver and of Total Fatty Acids in the Feces
Approximately 100 mg cryogenically crushed liver sample was weighed before proceeding to the total lipid extraction using a mixture of chloroform/methanol (2:1, v/v) according to the Folch method. [26] ISs, TG-C17:0 and PC-C17:0, were added. The TG and the PL fractions were then obtained from one-fifth of the total lipid extract by thin-layer chromatography on silica-gel plates with a mobile phase of hexane:diethyl ether:acetic acid (80:20:1, v/v/v) and were submitted after drying to direct methylation according to a modification of the technique described elsewhere. [27] Briefly both fractions were dissolved in a solvent mixture of methanol/hexane (4:1 v/v) and 200 µL of acetyl chloride. The tubes were tightly closed and subjected to methanolysis at 100°C for 1 h. After cooling the tubes in ice, an 11% K 2 CO 3 solution was added and the phases were vortexed. Then hexane was added and after separation, the organic layer was isolated and dried under a stream of nitrogen. The Fatty Acid Methyl Esters (FAMEs) of the TG and PL fractions were reconstituted in hexane. Feces were dried under a stream of nitrogen before being crushed in a stainless-steel mortar using a pestle. Approximately 5 mg were weighed before proceeding to two successive lipid extractions using a mixture of chloroform/methanol (1:1, v/v). The heptadecanoic acid, an IS, was added before lipid extraction. Organic phase was collected after centrifugation (10 min, 4°C, 2608 g). Total lipid extract was dried and submitted to direct methylation as above. The amounts of FA were measured by GC-EI-MS (EI, electron ionization) using a quadrupole mass spectrometer (model MS 5975, Agilent Technologies, Massy, France) connected to a gas chromatograph (model GC6890, Agilent Technologies). It was equipped with a fused-silica column (SP2380, 60 m × 0.20 mm × 0.25 µm film thickness; Supelco). Helium was used as the carrier gas. Injection was performed in splitless mode at 240°C. FA were separated with the following oven program: i) 50°C for 1 min; ii) increase at a rate of 20°C min -1 to 175°C and hold for 9.75 min; iii) increase at a rate of 2°C min -1 to 217°C and hold at 217°C for 1 min. Mass spectra were obtained from the total ion chromatogram over a mass range of m/z 35-450.
Gut Microbiota Analyses of the Cecal Content
At the end of the experiment, the total cecum was collected and weighed before storage at -80°C. Cecum content was collected and weighed before extraction. The gut microbiota composition was assessed by 16S rRNA gene analyses using qPCR. Genomic DNA was extracted from the cecal content using a QIAamp DNA stool Mini Kit (Qiagen, Hilden, Germany), including a beadbeating step (glass bead 0.45 µm, VWR, Belgium), according to manufacturer's instructions. qPCR was performed with primers and annealing temperature described in Table S4 , Supporting Information. The qPCR was performed with a StepOne plus RealTime PCR system and software (Applied Biosystems, Den Ijssel, The Neverlands) using SYBR Green (Eurogentec, Verviers, Belgium) for detection. All samples were run in duplicate in a single 96-well reaction plate. A standard curve (performed in duplicate) was included on each qPCR plate by diluting genomic DNA from pure culture (fivefold serial dilution). Cell counts were determined by plating and expressed as "colony-forming unit" (CFU) before DNA isolation. For Lactobacillus reuteri, standard DNA was quantified based on L. acidophilus DNA (DSMZ, Braunshweig, Germany). [28] 
Immunohistochemistry of Liver
Imaging experiments were performed on the CellimaP platform in Dijon. Liver sections were fixed in 4.5% formalin containing fixation solution (Roti Histofix, Carl Roth, Karlsruhe, Germany). After 48 h, samples were transferred in 70% ethanol until paraffin inclusion. Serial paraffin sections (4 µm) were rehydrated and saturated. Immunohistochemical staining was realized using monoclonal primary antibody against F4/80 (anti-mouse produced in rat) (diluted 1:200, Abcam, Cambridge, UK) during 1 h. As a control, slides were incubated without primary antibody. After PBS washing, sections were incubated with secondary antibody antirat produced in rabbit (Vector Laboratories, CA, USA) during 1 h and to finished, anti-rabbit horseradish peroxidase-labeled (Dako Diagnostics, Agilent Technologies, Edinburgh, UK) for 30 min. Sections were counterstained with Mayer's hematoxylin, deshydrated, cleared in xylene. Slides were mounted with dibutyl phthalate xylene and dried overnight before examination. Liver histology was examined using the light microscope at 20× magnification and quantification was performed by TissueIA software, Leica Microsystems.
Quantitative Analysis of Intestinal Goblet Cells and Colonic Crypt Depth
Imaging experiments were performed on the CellimaP platform in Dijon. The PFA-fixed intestines were embedded in paraffin and 4 µm sections were prepared. Proximal colon was then stained with hematoxylin and eosin to quantified length of villus and depth of crypts. Colonic crypts depths were performed and defined as the depth of the invagination between two villi. Crypt depths were measured with TissueIA software in ten well-oriented crypt-villus units (two cross sections for each mice). To count the number of goblet cells, sections were stained with alcian blue and periodic acid-Schiff's reagent to visualize the total mucins. Goblet cells were counted for villus-crypt axis of colon.
Measurement of Bile Acid Molecular Species
Bile acids measurements were performed on mouse bile by HPLC-MS/MS as described in Humbert et al. [29] For the HPLC-MS/MS analysis, the separation of bile acids as a function of polarity was accomplished using an analytical column (Pinnacle II C18, Restek, Lisses, France) fitted on an HPLC binary pump (Agilent 1100, Agilent Technologies France, Massy, France). Briefly, an IS was added to the samples before extraction (23-nor-5β-cholanoic acid-3α,12α-diol at 1 mg mL -1 ). The preanalysis cleanup procedure of 50 µL plasma was achieved by protein precipitation (200 µL acetonitrile containing IS) and centrifugation (12 000 × g). Supernatant diluted in ten volumes of deionized water were loaded on SPE C18 Chromabond Cartidges (Macherey-Nagel, Düren, Germany), and after washes, elution was performed with methanol. After separation in an analytical column (Pinnacle II C18), ESI was performed in negative mode. Each peak was identified by comparing the spectrum of a range including species of bile acids. For quantitation, data were Mice were submitted to a chow-based high-fat diet (HF) or a high-fat diet supplemented with MPL (1.1% or 1.6%) during 8 weeks. A) Cumulative body weight (BW) gain evolution. Two-way ANOVA between HF groups were used, testing HF group effect, time effect, and interaction (HF groups not sharing a common letter were significantly different at p < 0.01 for both 7 and 8 weeks). The mean of each HF condition was compared with a LF reference group (ANOVA followed by Dunnett's post hoc test; *p < 0.05 HF versus LF; § p < 0.05 LF versus HF and HF-MPL1). B) BW gain and C) EAT weight at the end of dietary intervention. To test the impact of MPL amount in the HF diet, data of the three HF groups were analyzed by one-way ANOVA (values not sharing a common superscript letters were significantly different). Additionally, the mean of each HF condition was compared with a LF reference group to evaluate HF induced alterations (*p < 0.05 ANOVA followed by Dunnett's post hoc test HF vs LF). Results represent mean ± SEM. Number of mice in each group is indicated within the bars (n = 15 mice).
acquired using Analyst V.1.4.2 software. The bile acid quantitation was expressed as the percentage of each specific bile acid (± SEM) out of the total bile acids after calibration of the method, with weighed mixtures and normalization relative to the IS.The hydrophobicity index reflects bile acids hydrophobicity, taking into account the retention time of different bile acids on a C18 column with a gradient of methanol; the lithocolic acid (LCA) has the highest retention time, the taurosodeoxycholic acid (TUDCA-3S) has the lowest.
Statistical Analysis
All data, presented as mean ± SEM, were analyzed with Graph Pad Prism Software (version 7.0, San Diego, CA, USA). Normality of data was examined using Shapiro-Wilk test. To test the hypothesis that the amount of MPL within the HF diet modified the final outcome of the HF diet, the data of the three HF groups were analyzed by a one-way analysis of variance (ANOVA) followed by a Tukey's post hoc multiple comparisons test on normal data. For nonnormal data, a Kruskal-Wallis test was performed followed by a Dunn post hoc test. In figures and tables, values not sharing a common letter were significantly different among high-fat groups. Additionally, to check whether each HF group induced alteration compared with a low-fat reference group (chow) after 8 weeks of diet, a one-way ANOVA followed by a Dunnett post-hoc test was performed to assess statistical differences with the LF group (an asterisk represents a significant difference of a highfat group with LF group, one hashtag is used when all high-fat groups differed from the low-fat group). To analyze differences in cumulative body weight gain and energy intake (kJ d -1 ) between HF groups during the 8 weeks of intervention, two-way ANOVA between HF groups was used. As the interaction term (time × HF group) was not significant, this analysis was followed by Bonferroni post hoc multiple comparisons test (HF groups not sharing a common letter were significantly different for both 7 and 8 weeks). Additionally, the mean of each high-fat condition during the 8 weeks of intervention was compared with the LF reference group using two-way ANOVA followed by Dunnett post-hoc test; if the interaction term was significant, an unpaired test was performed. Altogether throughout the manuscript, letters refer to comparisons between HF groups (primary hypothesis tested: metabolic impact of MPL addition in an HF diet) while symbols refer to comparisons between each HF group and the LF group (to assess HF induced metabolic alterations). To evaluate possible relationships among the various outcomes, Spearman correlations were performed using Graph Pad Prism Software. Differences with p < 0.05 were considered significant.
Results
HF-MPL2 Limits HF-Induced Body Weight Gain and Epididymal Fat Mass
Body weight and EAT weight increased in HF group compared with LF reference group (p < 0.001). After 8 weeks, compared to HF mice, HF-MPL2 mice gained significantly less weight than did HF mice (by 37.8%, p < 0.01) and the weight of the EAT was nonsignificantly reduced (by 23.3%, p = 0.07) (Figure 1). www.advancedsciencenews.com www.mnf-journal.com Moreover, HF-MPL2 group was the only one that did not gain more weight than the LF reference group ( Figure 1B) . Of note, liver, stomach, and cecum weights were not different among HF groups. Average food consumption did not differ among groups (results not shown); average energy intake over 8 weeks was higher for all high-fat groups versus reference LF group ( Table 2) as well as along the feeding period ( Figure S1 , Supporting Information); however, energy intake was not different between HF, HF-MPL1, and HF-MPL2 groups (Table 2, Figure S1 , Supporting Information). Among HF groups, a positive correlation was observed between body weight gain and EAT mass (r = 0.86, p < 0.0001). HF-MPL1 and HF-MPL2 did not modify liver weight compared to HF group but liver weight was lower in HF-MPL2 versus LF reference group (Table 2) .
Influence of Diets on Macrophage Infiltration Markers and Liver Lipid Content
We analyzed different circulating transporters and receptors in plasma related to the response to endotoxins (LPS), such as LBP, sCD14, and the concentration of anti-or pro-inflammatory markers (Table 2) . Endotoxemia was undetectable and LBP and sCD14 were similar among HF groups, and sCD14 was even lower in HF group versus LF group, suggesting that the intestinal permeability was not altered and no bacterial translocation occurred. Inflammatory cytokines IL-1β, TNF-α, IL-6, IL-10, and CXCL2 concentrations were undetectable; MCP-1 and CXCL1 plasma concentrations were similar among groups and not different between HF and LF reference group (Table 2) .
We then assessed more local impacts in tissues by analyzing treatment effects on different markers of macrophage infiltration in liver and in adipose tissue (Figure 2) . Of note, except F4/80 in the liver, markers were altogether not increased in the HF group compared to a LF reference group. The mRNA level of F4/80 tended to be lower in the liver of HF-MPL2 versus HF-MPL1 group (p = 0.06). HF-MPL2 group was the only one that did not increase liver F4/80 compared with the LF reference group. Furthermore, we found a significant positive correlation between the gene expression of F4/80 in the liver and its expression in SAT (r = 0.618; p < 0.01). F4/80 immunostaining did not reveal differences between groups ( Figure 2B,C) . Compared to HF control, gene expression of other inflammatory markers in liver (IL-6, IL-1β, and LBP) was not impacted by MPL (data not shown). In SAT and in EAT, no significant differences were observed among HF groups regarding the gene expression of F4/80 and cluster of differentiation 68 (Cd68), another global marker of macrophage infiltration ( Figure 2D,E) . Cluster of differentiation 11 c (Cd11c), which is more specific of proinflammatory macrophages, was not differentially expressed in SAT; an increase was observed in EAT but only in HF-MPL1 versus HF group and versus LF group ( Figure 2F ).
We also tested whether MPL impacted hepatic lipids: liver content in PL and TG were not different among groups ( Table 3 ). In hepatic PL that represent structural lipids, total SFA, MUFA, and PUFA did not differ among groups but HF-MPL2 group was richer than HF group in homolinoleic acid (20:2), tricosylic acid (C23:0), and lignoceric acid (C24:0) that are typical of milk SM (Table 3 ). In hepatic TG that represent storage lipids, altogether in both HF-MPL1 and HF-MPL2 groups, oleic acid (C18:1) was decreased while palmitoleic acid (C16:1) was increased (p < 0.01) compared to HF group. In both hepatic PL and TG, vaccenic acid (18:1 n-7) was lowest in HF-MPL2 group.
MPL Supplementation has Only Minor Impact on Gut Barrier but Increases Colonic Crypt Depth
Minor effects of the treatments on indirect markers gut barrier functions were observed. Indeed, paracellular gut barrier integrity assessed by FITC-dextran test did not reveal significant permeability and did not differ among groups ( Figure S2A , Supporting Information). The mRNA levels of some tight-junction proteins were measured; no differences were observed for Occludin and junctional adhesion molecule 1 (Jam-1) in the duodenum (data not shown). Altogether, MPL supplementation significantly increased the mRNA levels of Zonula-occludens 1 (Zo-1) (p < 0.05 pooled data of HF-MPL1 and HF-MPL2 versus HF; p = 0.06 for HF-MPL2 versus HF; Figure S2B , Supporting Information). No differences were observed for the gene expression of these tight junction proteins in the jejunum and the colon (data not shown).
The small intestine did not appear to be altered and no differences in crypt depth, villus length, or mucus cell numbers were observed (data not shown). However in the colon, crypt depth was increased in HF-MPL2 group versus HF-MPL1 and versus HF (p < 0.05; Figure 3A,B) . The structure of the villi and crypts of the colon appeared normal among diets (no major alteration versus LF reference) and mucus cell number remained unaffected among HF groups, despite a lower number in HF-MPL2 versus LF reference group ( Figure 3C) . We tested the possible involvement of other cell types in increased crypt depth: the colonic mRNA level of proglucagon, which is the 
D) Gene expression in SAT and EAT of F4/80, (E)
Cd68, and (F) Cd11c. Data are expressed as mean ± SEM. To test the impact of MPL amount in the HF diet, data of the three HF groups were analyzed by one-way ANOVA (values not sharing a common letter were significantly different). Additionally, the mean of each HF condition was compared with a LF reference group to evaluate HF induced alterations (*p < 0.05 ANOVA followed by Dunnett's post hoc test versus LF). Number of mice in each group is indicated within the bars. www.advancedsciencenews.com www.mnf-journal.com precursor of the intestinotrophic peptide GPL-2 (intestinal L cells), was not impacted with MPL feeding (data not shown). There were no differences of expression of antimicrobial proteins such as regenerating islet-derived 3-gamma (Reg3γ ), phospholipase A2g2 (Pla2g2), and α-defensin, which are secreted by Paneth cells to act as a chemical barrier against pathogens and greatly affect the composition of the gut microbiota [30] (data not shown).
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MPL Supplementation Modulates the Abundance of Bacteria in Cecal Content: Toward a Role of Residual MPL-Derived Lipids in Colon
HF-MPL1 and HF-MPL2 groups were not significantly different from HF regarding cecum weight (0.19 ± 0.01 g for HF group, 0.18 ± 0.01 g for HF-MPL1, and 0.17 ± 0.01 g for HF-MPL2). The impact of MPL on gut microbiota was assessed by analyzing the number of total bacteria and some bacteria known for their interesting metabolic effects (Figure 4) . The total amount of bacteria and the Firmicutes/Bacteroidetes ratio (Firmicutes, 60%; Bacteroidetes, 40%) did not differ between groups (results not shown). Of note, the control HF diet did not induce major changes in the studied bacteria versus LF reference group except a higher amount of Bifidobacterium animalis ( Figure 4C ). However, MPL supplementation induced a shift in the microbial community in comparison with HF group. HF-MPL1 induced an increase in Bifidobacterium spp., in particular B. animalis, versus HF. HF-MPL2 induced a decrease in Lactobacillus reuteri as compared to control HF mice. Moreover, on pooled data of both MPL groups, the abundance of Akkermansia muciniphila was significantly higher in the presence of MPL compared to HF diet devoid of MPL (p < 0.05). Significant positive correlations were observed between Bifidobacterium spp. and i) B. animalis (r = 0.93; p < 0.0001) and ii) Akkermansia muciniphila (r = 0.78; p < 0.0001; Figure 4G ).
We further explored components that could impact microbiota by analyzing residual dietary lipids in feces (via FA in total lipids) and the composition of bile salts. Compared with HF, MPL supplementation induced in mice feces ( Table 4) : less myristic acid (C14:0, p < 0.05), less oleic acid (C18:1 (n-9)cis, p < 0.05), and more behenic acid (C22:0, p < 0.001), tricosylic acid (C23:0, p < 0.001), lignoceric acid (C24:0, p < 0.01), and nervonic acid (C24:1, p < 0.01). Diets did not differentially impact the overall composition and profile of bile acids nor the ratio of primary (synthesized by the liver) to secondary (synthesized by gut bacteria) bile acids, but MPL2 mice presented less hydrophobic bile acids (p < 0.0001; Figure S3 , Supporting Information).
We then explored whether gut bacteria abundance were associated with observed differences in fecal lipids and bile salts. There were significant correlations ( Figure 4G ) between Lactobacillus spp. and i) fecal behenic, tricocylic, lignoceric, and nervonic acids (negative: r = -0.6; p < 0.05) and ii) bile salt hydrophobicity (positive: r = 0.52; p < 0.01). These correlations were also observed with L. reuteri (r = -0.7; p < 0.01 for above-mentioned fecal FA; r = 0.52; p < 0.01 for bile salt hydrophobicity). Moreover, bile salt hydrophobicity was also correlated with hepatic gene expression of F4/80 (r = 0.6, p < 0.01).
Discussion
The beneficial impact of MPL and/or milk SM on health is supported by data showing improvement of cholesterol homeostasis and lipid metabolism in rodents in synthetic HF diets. The longterm effects of MPL on macrophage infiltration in liver and adipose tissue, intestinal barrier and microbiota were poorly investigated yet in a more realistic chow-based HF diet. In this study, we show that HF-MPL2 diet resulted in less body weight gain and induced a nonsignificantly lower EAT mass than a HF diet devoid of MPL. We hypothesized that the lower body weight gain is mainly due to the global weight difference of all adipose tissue depots, which could not all be weighted, but we acknowledge this can also be due to potential cumulative weight differences of other organs, bones, and hair. After 10 weeks of a synthetic HF diet supplemented with 0.1% of milk-SM (60% kcal from fat, 0.15% cholesterol), Norris et al. observed no differences of body weight gain in mice; [21, 31] while another synthetic diet for only 4 weeks (45% kcal from fat) resulted in lower body weight gain when including SM. [20] We previously observed no significant difference in body weight gain and adiposity when 1.2% MPL was incorporated in a palm-oil-based synthetic HF diet after 8 weeks with an isolipidic design. [23] It thus appears that the efficacy of MPL to lower adiposity is dependent both on the tested dose and on HF diet composition (chow-based versus synthetic, lipid content, and composition). Interestingly, HF-MPL2 diet leads to the lowest adiposity whereas it contains the highest fat level, which will now deserve further calorimetric and energy expenditure experiments to elucidate underlying mechanisms.
Both high-fat fed and ob/ob mice have been associated with a metabolic endotoxemia, dependent on the translocation of LPS notably due to intestinal permeability, that can induce inflammation in target organs, namely adipose tissue and liver. [14, 19] Previous studies in mice fed semi-synthetic HF diets (based on starch and casein, 40-60%kJ as fat) reported that addition of milk-SM or MPL decreased HF-induced inflammation, notably in EAT. [21, 23, 31] Here, the chow-based HF diet treatment itself did not induce inflammation, probably again as it was more balanced and lipids were not composed of palm oil only. Still, HF diet induced increased adiposity. In obesity, macrophage infiltration in white adipose tissue is known to be increased and to induce inflammation of tissues. [32, 33] Interestingly, a nonsignificant decrease of macrophage markers F4/80 in liver was observed with the highest MPL dose compared with HF group, and HF-MPL2 was the only group that did not increase liver F4/80 compared to the LF reference group. This can be consistent with a lower gene expression of F4/80 in adipose tissue observed after incorporation of dietary SM in HF diet in mice. [31] However, we did not observe an impact on the gene expression of F4/80 in the adipose tissue nor of the global infiltration marker Cd68. Only Cd11c was increased in EAT after 8 weeks of diet with HF-MPL1. Moreover, the tested diets did not induce systemic low-grade inflammation. Different studies using synthetic HF diets, most often enriched in cholesterol, reported that MPL and/or milk SM decreased hepatic lipid storage. [6, 7, 20, 31] Here, we did not observe differential TG nor PL content in the liver. However, HF-MPL2 induced a higher proportion of very-long-chain FA typical of milk SM in the FA profile of liver PL: whether this could explain a decrease of F4/80 expression would deserve further study. www.advancedsciencenews.com www.mnf-journal.com Table 4 . FA composition of mice feces (analyzed in total fecal lipids). Values represent mean ± SEM, n = 8 for LF group, n = 7 for HF group and n = 5 for HF-MPL groups. Means of HF groups not sharing a common letter are statistically significant; p < 0.05 (ANOVA followed by Tukey test). *p < 0.05, **p < 0.01, ***p < 0.001 versus LF group (ANOVA followed by Dunnett test; for table clarity to avoid numerous asterisks when all HF groups were different from the LF reference group: # p < 0.05 LF vs each HF group). HF, high-fat; LF, low-fat; MPL, milk polar lipid.
The intestinal microbiota appears as a major player in the development of obesity. [34] [35] [36] [37] [38] We can note that here the control HF diet did not induce major changes in the studied bacteria versus LF reference group. This lack of alterations may be explained by the presence in our HF diet of chow, which contributes to microbiota homeostasis. Indeed, Dalby et al. have shown that feeding mice a refined diet compared to an unrefined chow-diet induced alterations in gut microbiota. [39] Regarding MPL impact, HF-MPL1 significantly increased Bifidobacterium spp., in particular B. animalis in mouse cecal content. Cani et al. [40] reported that a decrease of Bifidobacterium spp. was associated with deleterious metabolic outcomes. As here Bifidobacterium spp. was also found correlated with Akkermansia muciniphila, which has otherwise been described to present favorable metabolic effects, [41, 42] this suggests an overall prebiotic-like impact of MPL. Moreover, HF-MPL2 mice exhibited a decrease in Lactobacillus spp. as compared to HF-MPL1 group. In comparison with the HF group, HF-MPL2 decreased significantly L. reuteri. We suggest that this could contribute to positive metabolic impact of the highest dose of MPL. Indeed, obese patients present an increased Lactobacillus content [43, 44] and increased abundance of L. reuteri has been associated with weight gain in some studies, albeit it can also exert protective effects such as anti-inflammatory effects in other cases. [45] [46] [47] [48] A dietary supplementation with Lactobacillus spp. (L. salivarium and L. reuteri) in bird resulted in decreased ileal crypt depth and increased body weight. [49] This is consistent with an hypothesis for a causal link as here we found a decrease of body weight gain, an increase of colonic crypt depth and a decrease in L. reuteri with HF-MPL2. Another study in rat pups also reported increased colonic crypt depth after MFGM supplementation, which was discussed as a favorable impact on gut maturation. [50] However, an increased intestinal crypt depth was also shown to decrease the activities of some enzymes. [51] Whether MPL can modify enzyme activities in the intestine deserves further investigation. We cannot exclude that those morphological changes in the colon may modulate the absorption of bacterial-derivedmetabolites produced locally, which could play a role in the control of inflammation or metabolic disorders in the liver or adipose tissue (like SCFA or conjugated FA). [52, 53] Importantly, we ruled out an impact of MPL on the composition of bile salts, which are reported to influence gut physiology and lipid metabolism. [54, 55] However, the mechanisms by which HF-MPL2 led to less hydrophobic bile acids will deserve further investigation. Moreover, mucus layer is an important component of the colonic physiology and we previously observed that MPL in a synthetic HF diet increased the number of colonic goblet cells. [23] Here, mucus cells appeared unaffected by MPL addition in the chow-based HF-diet suggesting an additional impact of background diet composition.
Among the PL in milk, SM is of specific interest because of its previously reported beneficial effects in rodents. Here MPLenriched diets contained 0.25% of SM (HF-MPL1) or 0.38% of SM (HF-MPL2). The effects of MPL on decreased cholesterol absorption [7] and inhibition of colonic tumor [9] in rodents have also been observed using diets with purified milk SM at concentrations as low as 0.1%, [10, 11, 56] suggesting that effects seen with MPL may be at least partly due to SM. The least weight gain observed with MPL and the higher content in Bifidobacteria could be due to the specific effect of milk-SM because a HF diet supplemented with 0.25% of SM showed similar result. [20] Dietary SM, for example from MPL, is not completely digested and absorbed in the small intestine, so that residues can reach the colon. [57, 58] Here, we reveal a correlation between the fecal loss of FA specific of milk SM and the cecal abundance of Lactobacillus. We, therefore, suggest a causal impact of unabsorbed SM-derived lipids in colon on gut bacteria and possibly on colonic physiology considering crypt depth impact, which should now be causally demonstrated. We also observed a lower vaccenic acid proportion in liver lipids in MPL2 group. Although our analysis did not discriminate cis-and trans-isomers of vaccenic acid, we can note that transvaccenic acid is mainly produced from bacterial metabolism. [59] As such, it is naturally contained in milk due to ruminal fermentation, together with rumenic acid (18:2 cis-9 trans-11 CLA). Notably, Lactobacillus spp. of the gut microbiota have also been described to be involved in the local production of CLA acid in the intestine. [60] Here, we propose as a further research perspective that MPL2 effect on gut Lactobacillus spp. could have impacted liver metabolism, as suggested by the content of liver PL in both SM-specific FA and vaccenic acid.
A limitation of our study is a common issue in nutrition research: as one lipid ingredient (here MPL) is added in a diet additionally to the other lipids, we cannot rule out that some effects can be due to the concomitant decrease of some other dietary components of the chow including proteins, starch and some micronutrients notably. However, a major strength of our study is that we chose to use the least favorable design to test the impact of MPL, by including them in the diet additionally to palm oil. If we had removed part of palm oil when adding MPL with an www.advancedsciencenews.com www.mnf-journal.com aim to keep total lipids constant, such lower palm oil content (in a chow-based diet that also contains a wide variety of beneficial ingredients) could have induced favorable effects, which would have biased conclusions on the real MPL impact. We think our choice of increased dietary lipid content when adding MPL finally strengthens our conclusions that adding the MPL-rich lipid extract improved metabolism, despite a concomitant slightly decreased proportion of chow ingredients in the MPL-containing diet compared with the control HF diet. Furthermore, previous studies on MPL have tested their effects in the context of purified diets, which do not emulate human diets, whereas here we used a complex high-fat chow diet. This is a novel aspect of the present study of metabolic importance, as refined low-fat (purified) diets are known to induce differences in gut microbiome (e.g., increased the Firmicutes-to-Bacteroidetes ratio and reduced diversity) unlike unrefined chow diets. [39] In summary, here we characterized in C57Bl/6 mice the influence of different amounts of MPL (1.1% or 1.6%) added in a chow-based HF diet, on body weight gain, intestinal physiology, and gut microbiota. We demonstrated that despite a higher fat content, HF-MPL2 led to the lowest body weight gain and did not induce metabolic inflammation, while HF-MPL1 did not prevent weight gain. Moreover, we suggest that a limited adiposity in HF-MPL2 may have contributed to this effect. A differential impact of the two MPL doses was observed on the gut microbiota and colon physiology, as HF-MPL1 increased Bifidobacteria with no impact on colonic crypt depth, while HF-MPL2 decreased Lactobacillus and increased colonic crypt depth. Of note, as no correlation was observed between gut bacteria and anthropometric and metabolic parameters, we cannot conclude on a direct impact of gut bacteria. However, a very significant result was the dose-response increase in fecal loss of FA specific of milk SM. Therefore, among possible mechanisms that can impact the distal gut and the microbiota, we suggest the role of a threshold level of residual lipids specific of MPL reaching the colon. MPL are highly bioactive components because they contain sphingolipids and notably SM that can contribute to the observed effects. When developing strategies for enhancing gut physiology for favorable metabolic impacts using bioactive food ingredients, it appears important to consider the interactions between the different components of the diet and of the intestinal barrier. Future research shall deeper evaluate and understand the properties of milk SM as a compound involved in the beneficial effects of MPL and in gut physiology, which could present interesting effects in obesity or in leaky gut diseases.
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